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Motivation and Background 
Manipulation of DNA molecules 
DNA molecules have continued to attract enormous research interests. On one 
hand, the study on DNA molecule itself, as a particular type of polymer that can be 
imaged optically, provides valuable information on polymer dynamics and mechanics, 
which helps the understanding of polymer entanglements or the properties of diluted 
polymer solutions.
[1-2]
 On the other hand, its extreme biological importance as the carrier 
of genetic information intrigues the extensive investigation of its synthesis, packaging, 
repair, and other regulatory roles, which usually involves the participation of relevant 
proteins, such as histone protein, RecA, and DNA/RNA polymerase.
[3-5] 
The 
manipulation of DNA molecules represents an important step in the in vitro study of 
protein and DNA interactions since DNA molecules are typically wrapped and entangled 




Manipulating DNA molecules can be achieved by attaching one end or both ends 
of the linear DNA molecule to fixed surfaces, such as treated glass and mica surfaces, or 
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to small controllable substrates, such as polystyrene beads or sharp tips. The fixed DNA 
molecules are then made to move, rotate, or extend via either optical traps, magnetic 
fields, flow fields, or electric fields.
[7-10]
 The manipulation of individual DNA molecule 
involves two forces, the interfacial force that maintains DNA molecules on the substrate 
and the manipulating force that contributes to the desired motion of DNA molecules. 
While the interfacial force could be chemical bonds or hydrophobic interactions, the 
manipulating force could be viscous forces from the flow, meniscus forces at moving 
interfaces, magnetic forces, electric forces, or mechanic forces.  
A systematic study of stretching of DNA during droplet evaporation has earlier 
been carried out on a 3-aminopropyltrimethoxysilane (APTES) treated cover glass 
surface.
[11]
 The study analyzed the motion of linear λ phage DNA (48502 base pairs) near 
the surface during evaporation by both experiment and simulation. During the 
evaporation process, part of DNA molecules was attached to the surface via electrostatic 
interactions, while the viscous force in the flow of the evaporating droplet brought other 
parts of the molecule to the surface, resulting in stretched DNA molecules near the 
surface. Faster stretching was achieved by depositing a droplet of DNA solution onto 
polymer treated surfaces and suctioning it up from the center of droplet
 [12]
, yielding a 
similar alignment as that of drop evaporation. The hydrophobic interaction between the 
exposed DNA bases and the polymer surface may help fix DNA bases onto the surface, 
while the meniscus force at the moving droplet-surface-air interface extends DNA 
molecules along the radial direction of the droplet. Combined with micro-contact printing 
(µCP), this method was used to stretch DNA on a PDMS surface and then to transfer the 
patterned DNA to non-treated surfaces.
[13]
 A spin coater can be used to spin a droplet of 
 3 
DNA solution on a cover slide coated with polymers which also generates radially-
aligned patterns of DNA molecules.
[14]
 Alternatively, well patterned 1D and 2D DNA 
alignments were obtained by blowing a droplet and moving the contact line over 
Mg(AC)2 treated  surfaces.
[15]
 Molecular “combing” is another example of stretching 
DNA molecules using a meniscus force. Instead of forcing the liquid phase to move, in 
molecular “combing”, a polymer-coated cover slide is dipped into DNA solutions 
vertically and then pulled out slowly so that a moving interface is created.
[6]
 A schematic 





 fields can be used to derive stretched/combed DNA 
molecules between electrodes. The alignment of DNA in DC fields requires the 
modification of one or both ends of DNA molecules so that one or both ends can be 
attached onto surfaces that hold the DNA molecule to prevent it from traveling to the 
electrodes and condensing. The use of AC fields can generate combed DNA molecules 
between electrodes, the mechanism of which is similar to that of gel electrophoresis. 
Although fixation of either end of DNA molecules to the electrodes is not required under 
AC fields, it is necessary for the purpose of DNA manipulation.  





. The advantage of optical or magnetic 
tweezers over meniscus forces or an electric field is that the control of a single DNA 
molecule with tweezers is more precise even though the equipment itself is more 
complicated and handling of the equipment requires experience. Although the trapping 
mechanism is different for optical and magnetic tweezers, one or both ends of DNA 






Figure 1.1. Stretching DNA molecules using flows. a) Molecular combing; b) droplet 












molecules and the beads or surfaces are treated with two pairing reagents, like 
biotin/streptavidin, respectively.
[7]
 The strong bond between the pairing reagents assists 
the fixation of DNA molecules. The bead is magnetic for the purpose of manipulation by 
magnetic tweezers, while there is no special requirement for beads’ properties in the case 
of optical tweezers. The latter uses strongly focused laser beams to hold and move the 
bead, while magnetic tweezers achieve the same objective by a magnetic field. If the two 
ends of a single DNA molecule are fixed onto two separate substrates, then stretching and 
rotating of individual DNA molecules can be achieved by simply moving or spinning the 
trapped bead.  
Direct visualization of protein and DNA interactions 
Fluorescence microscopy is a standard experimental technique applied in the 
study of protein-DNA interactions. Fluorescently labeled DNA molecules are first fixed 
or stretched before protein solutions are applied, any changes in the DNA molecules or 
the motion of proteins are imaged. A number of studies have used this method. The 
cleavage of DNA by various restriction enzymes has been mapped
 [9, 18]
 and captured in 
real-time.
[10, 19-20] 
The processive unwinding and degrading of DNA by RecBCD enzyme, 
a DNA helicase and nuclease participating in the repair of DNA by recombination, was 
clearly captured and analyzed with the combination of optical tweezers and fluorescence 
microscopy.
[21]
 A similar phenomenon was visualized on λ exonuclease digesting λ 
DNA.
[16]
 The condensation and decondensation of λ DNA induced by protamine were 
also investigated via fluorescence microscopy.
[22]
 In addition, both protein molecules and 




 The use of fluorescently labeled DNA molecules may produce 
confused results due to possible photocleavage and photobleaching induced by the light 
source and dye molecules. In fact, the photocleavage of DNA has been observed and 
analyzed.
[24]
 Although the addition of radical scanvengers may help to quench these 
disturbing factors to some extent 
[25]
, it still might not be advisable to use fluorescence 
microscopy for long-time observation of DNA samples. 
Detailed imaging of protein-DNA interactions can be obtained, both in 2D 
topographical and in 3D conformational images at nano scales, with scanning probe 
microscopy (SPM) which is advantageous compared to the submicron resolution and 2D 
images of fluorescence microscopy. Since the invention of first scanning probe 
microscope in 1981 by Gerd Binnig and Heinrich Rohrer at the IBM laboratory in Zurich, 
a series of SPM technologies have emerged. The differences between these SPM 
techniques are mainly based on the interaction forces between the substances and SPM 
probes which are used as the detecting signals. Atomic force microscopy (AFM) is one of 
the most commonly used SPM techniques, which directly detects the topology on 
surfaces. It can also gather phase information based on the distinct response of different 
materials on the surface. AFM has become a popular technique for observing biological 
samples. For example, various DNA molecules have been deposited onto modified mica, 




AFM is also an excellent tool for determining the binding sites of proteins and for 
capturing the semi-dynamic process of protein-DNA interactions. Yokota et al. have 




 The association, dissociation, and movement of photolyase (a DNA repair 
enzyme) over a 500-bp double stranded DNA were visualized under AFM.
[31]
 DNA 
bending induced by the same enzyme was reported.
[32] 
 Other interactions between DNA 











RecA protein and its biological functions 
RecA protein was first discovered in Escherichia coli about 30 years ago.
[37]
 
Since then, its analogues have been found in a variety of living organisms, from 
prokaryotes to eukaryotes.
[38-40]
 Rad51 protein in human body is one of them.
[41]
 It has 
been proved that RecA-like proteins are involved in various biological functions related 
to DNA regulations, such as homologous recombination and damaged DNA repair.
[37, 42]
 
Although these proteins may possess different peptide sequences, they all function in a 
similar way.  
The main function of RecA-like protein is to catalyze strand exchange 
interactions.
[37, 43]
 The interaction is composed of three major steps: presynapsis, 
synapsis, and DNA duplex extension.
[44]
 In the presynapsis step, the RecA protein first 
covers DNA molecules continuously in a right-handed helix, approximately one RecA 
monomer per 3 bases or 3 base pairs, and the DNA molecules inside are extended and 
untwisted.
[45]
 Divalent cations, like Mg
2+
, are essential for the formation of so-called 
nucleoprotein filaments. Depend on the other cofactor, either adenosine 5'-triphosphate 
(ATP), adenosine diphosphate (ADP), or adenosine 5’-(γ-thio) triphosphate (ATPγS), a 
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nearly non hydrolysable analogue of ATP, the conformation of the nucleoprotein 
filaments varies. When bound with ATP or ATPyS, the filament shows a pitch around 
95nm, while the pitch is only around 65nm when the ADP is bound.
[46]
 The former is 
called the active or extended form opposed to the compressed or inactive form named for 
the latter. Only active filaments are biologically active, which are capable of catalyzing 
strand exchange during which ATP hydrolyzes to ADP.
[37]
 The formation of RecA 
nucleoprotein filaments on single-stranded DNA (ssDNA) molecules usually requires 
participation of single-stranded DNA binding (SSB) protein, especially for long 
ssDNA.
[47]
 SSB removes secondary structures on ssDNA and assists RecA loading.
 [48]
 
The secondary structures create barriers for RecA binding, and thus preventing the 
formation of complete and continuous coverage of RecA at these regions. There are two 
steps during the formation of the nucleoprotein filaments, namely nucleation and 
extension.
[37]
 The nucleation could occur at multiple locations and the extension grows in 
the 5’ to 3’ direction.
[49] 
This directionality of the filament growth remains enigmatic. 
While both steps are fast on ssDNA, the nucleation step is a slow process on double 
stranded DNA (dsDNA) molecules and thus is rate-limiting.
[37]
 The presence of a single 
stranded region, such as a nick, enhances the nucleation step on dsDNA.
[50]
 It is found 
that stretched dsDNA molecules also appear to have a fast nucleation step.
[51]
  
After the formation of active filaments, the actual strand exchange interaction 
initiates between an active nucleoprotein filament and a naked dsDNA molecules or the 
incoming DNA, which is the synapsis step.
[44]
 The initial contact between the filament 
and the incoming DNA is nonspecific so that both homologous and heterologous DNA 
can bind to the filament, but only homologous incoming DNA can form stable contact 
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with the filament after the homology is recognized.
[37]
 At first, there is no interwinding 
between the filament and the incoming homologous DNA. This type of complex is called 
a paranemic joint which converts into a plectonemic joint via base pair breaking and 
reforming. Plectonemic joints are stable even after removal of RecA protein, while 
paranemic joints require RecA to maintain their structures.
[44]
  More base pairs are broke 
and reformed during the extension stage coupled with ATP hydrolysis. It is not entirely 
clear what the role of ATP hydrolysis is during the process since there is no net change of 
number of base pairs before and after strand exchanges. Because equal numbers of base 
pairs are broken and reformed, there is no additional energy required. Three-strand 
exchanges where ATPys were used indicate that strand exchange still proceeds even with 
little ATP hydrolysis, but with much smaller percentage of completion compared with 
ATP cases.
[52]
 Additional experiments show that the presence of deficiencies within the 
incoming dsDNA, such as mismatches, double strand breaks, and nicks inhibit strand 
exchange if there is no ATP hydrolysis.
[53-54]
 ATP hydrolysis is also required for four-
strand exchange.
[55]
 These experiments suggest that ATP hydrolysis may promote the 
process both kinetically and energetically, i.e., the energy from ATP hydrolysis may be 
used to speed up the process or conquer the deficiencies which inhibit the strand 
exchange interactions. The process of strand exchange between a circular ssDNA and a 
linear dsDNA is shown in Figure 1.2. 
While a lot of useful information regarding the functions of RecA has been 
derived in traditional biochemical assays, single molecular techniques are found to be 
powerful to reveal more details.
[34, 45, 49-51, 56-58] 
Electron microscopy (EM) is probably the 















 Optical tweezers and magnetic tweezers have been 
used to study the impact of extensional and rotational forces on the formation of 
nucleoprotein filaments without labeling either species.
[51, 56]
 Recently, real-time filament 
formation was seen directly under fluorescence microscopy using optical tweezers.
[49]
 
Fast dynamic changes during filament formation were detected using fluorescence 
resonance energy transfer (FRET).
 [57]
 FRET is also capable of monitoring the kinetics 
during strand exchange processes by selectively labeling two strands with the donor and 
acceptor dyes.
[58]
 AFM is another tool that have been applied in the study of the semi-




Research Objectives (Specific Aims) 
Based the accessibility of tools, the goal of this dissertation was set to compare 
different DNA stretching methods using flow and to understand protein and DNA 
interactions using both fluorescence microscopy and AFM. To achieve this goal, the 
following specific aims were defined: 
• Evaluation of available methods of stretching DNA molecules using flow 
fields and determination of appropriate methods that can be used in the study 
of protein and DNA interactions under fluorescence microscopy. 
• Test of the dual-color labeling of protein and DNA molecules and 
construction of an experimental procedure of dual-color imaging  
• Design of an experiment for the study of RecA-filament aggregation behavior 
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using AFM 
• Construction of gel electrophoresis experiments for the understanding of 
kinetics during strand exchange. 
Organization of the Dissertation 
The dissertation describes experimental study of protein and DNA interactions. 
Different DNA stretching techniques are compared and dual-color imaging of protein and 
DNA interactions is tested in Chapter II. The impact of pH and surfaces on the stretching 
of DNA molecules is also investigated in this chapter. 
Next, the “supercoiled” aggregation of RecA-dsDNA filaments is observed and 
analyzed using AFM in Chapter III. The handedness and the pitch of “supercoiled” 
bundles are presented. Chapter IV reports the similar aggregation on RecA-ssDNA 
filaments and the coiling mechanism is suggested. A kinetic approach regarding RecA-
mediated strand exchange is explored in Chapter V. The dual role of ATP hydrolysis and 
RecA dissociation is connected to experimental observations. Finally, conclusions are 
drawn and some recommendations for future work are made in Chapter VI. 
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CHAPTER II 
STRETCH OF DNA MOLECULES USING FLOWS AND 
VISUALIZATION OF PROTEIN AND DNA INTERACTIONS 
UNDER FLUORESCENCE MICROSCOPY 
 
Chapter Summary 
DNA molecules were stretched by evaporation, suctioning, or blowing of a DNA-
containing water droplet on polydimethylsiloxane (PDMS) sheets, polystyrene (PS) or 
poly methyl-methacrylate (PMMA) coated cover slides. While the bulk flow during 
droplet evaporation can by itself stretch DNA, a water-air meniscus moving along a 
surface to which part of a DNA molecule is adsorbed can exert stronger forces on the 
DNA molecule, and therefore play the dominant role in the stretching of DNA molecules 
by suctioning or blowing, resulting in longer extension of DNA molecules. The irregular 
motion of the moving droplet captures under a high speed camera indicates that the flow 
involved is complicated during the blowing process. The change of hydrophobic 
interaction due to the change of pH or surfaces is likely not the sole reason leading to the 
different behaviors of DNA molecules upon stretched by blowing methods, the detailed 
structure of individual polymers on the surface might also affect the interaction between 
DNA molecules and the surfaces. The motion of TRITC-labeled DNAse I molecules in 
the vicinity of YoYo-1-lableled DNA molecules stretched on surfaces shows possible 
nonspecific interactions captured by the dual-color imaging system.  
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Introduction 
The study of protein-DNA interactions is crucial for the better understanding of 
biological processes such as DNA replication, repair, recombination, and other cellular 
processes.
[1-4]
 Direct visualization of these interactions in vitro usually requires 
unwrapping and stretching of DNA molecules which are tightly and intricately packaged 
in the nucleus in the multi-scale structures of chromatin. 
[1, 4-6] 
  
Methods for stretching and manipulating single DNA molecules are developed 









. Of those methods, stretching of DNA molecules using flow fields 
is probably the most convenient because it does not rely on complex tools like optical or 
magnetic tweezers or intense and high frequency electric or magnetic fields. There are 
two types of stretching forces exerted on DNA molecules in flows near surfaces, namely 
viscous drag forces produced by the bulk flows 
[9]
 and meniscus forces generated by the 
motion of an air-water interface along a DNA molecule 
[16-17]
. In both cases, the 





, or covalent bonds
 [11]
. For example, 
APTES
 [8-9]
 or magnesium 
[18]
 treated surfaces (positively charged) can absorb negatively 
charged DNA molecules by ionic interactions. DNA can be stretched by evaporating a 
droplet
 [8]
, blowing the droplet with air 
[18]
, or by spin coating DNA solution
 [20]
 on such 
surfaces. Hydrophobic surfaces such as PDMS or PMMA can also be used to bind DNA, 
where the adhesion force is mostly hydrophobic interactions between locally unpaired 
bases and hydrophobic surfaces. The unpaired bases can be prevalent at the ends of the 
DNA chain at acidic pHs. Suctioning of a droplet on PDMS by a pipette can also 
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generate flows that stretch DNA molecules.
[21] 
The stretched DNA molecules were 
subsequently transferred to non-treated cover glass or mica surfaces through microcontact 
printing (µCP) and visualized by fluorescence microscopy or AFM. DNA can also be 
stretched when a hydrophobic surface is slowly pulled out of a DNA-containing 
solution.
[22]
 This so-called “molecular combing” technique also uses a moving interface 
to stretch and align DNA molecules. 
Given the development of multiple methods of stretching DNA, it would be 
desirable to compare them systematically to determine which stretches most effectively 
and consistently, and with greatest convenience. While only suctioning, blowing, and 
evaporation methods were used and discussed in this study, two other methods 
(molecular combing and spin coating) were also studied by the other group member. The 
combined results were published in 2007
 [23]
 and part of this chapter is adapted from the 
published paper. 
Materials and Methods 
Materials 
λ  DNA (500ug/mL, 48.5k bps, New England Biolabs),  10 mM Tris-HCl 1mM 
EDTA (TE) buffer (pH 8.0), 50 mM MES buffer (pH 5.5), 50 mM Bbis-Tris buffer (pH 
6.6), YoYo-1(1mM, Invitrogen), Silicon Elastomer (Dow Corning), APTES(Sigma). 
DNAse I (powder, Sigma), tetramethylrhodamine-isothiocyanate (TRITC, Invitrogen), 
Dimethylformamide (DMF, Pierce), phosphate buffer saline (PBS, Sigma). DNA was 
labeled by YoYo-1 dye at ratios of 1 dye molecule per 5 or 8 base pairs and diluted with 
buffers at desired pH values. DNAse I (10mg/mL in PBS) was mixed with TRITC 
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(10mg/mL in DMF) at a molar ratio of 1:8 for 1hr at 25 
O
C and the mixture was filtered 
through a gel column packed with sephadex G25 gel (Pierce) to get rid of free dye 
molecules.  
Droplet evaporation 
Evaporative stretching was conducted on APTES-treated glass surfaces as 
described in our previous work
 [9]
. Briefly, glass surfaces were cleaned in boiling 
concentrated nitric acid and hydrochloric acid followed by deionized water rinsing and 
then treated with 100 ppm of 2% (volume) APTES water solution in ethanol in a glove 
box with nitrogen blowing in. DNA was diluted to 20~50pg/µl and YoYo-1 was loaded at 
a ratio of 1:8. Then a 0.25~1.0 µl droplet was deposited onto an APTES-treated cover 
glass which has been aged for 1~7 days before deposition, and images were taken during 
and after evaporation. 
Suctioning 
DNA was diluted to 500pg/µl with a YoYo-1 loading of 1:5. PDMS sheets were 
prepared with overnight healing. A 5ul to 40 µl droplet was deposited onto the surface 
and suctioned up after around 20 seconds. Then, the PDMS sheet was pushed gently 
against a cover glass for imaging with fluorescence microscopy. 
Blowing 
DNA was diluted to 50~ 5000 pg/µl with a YoYo-1 loading of 1:5. A 15 µl to 30 
µl of DNA solution was deposited onto a PDMS sheet and forced to move by blowing 
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nitrogen gas at the bottom of the droplet. Then the sheet was cut into small pieces. These 
PDMS pieces with DNA patterns were then pushed against cover slides and imaged. 
Microcontact printing 
To transfer and fix DNA that are stretched on PDMS slabs onto a cover glass, an 
appropriate pressure was engaged onto small PDMS pieces (~5mm×5mm) followed by 
pealing off the PDMS piece from the cover glass. Pre-treatment of the cover glass is not 
necessary. 
Visualization of DNAse I and DNA interactions  
After DNA being stretched, solution of DNAase I was introduced onto cover 
slides via a small channel made of PDMS. The hydraulic force drives the protein solution 
entering from one end of the channel and exiting from the other end. The imaging system 
was programmed to alternate between the blue excitation (488nm) and green excitation 
(536nm) so that DNA images and protein images were captured in turn. The frequency of 
capture is approximately one frame per second.  Two neighboring images were merged 
together using Matlab and movie clips were generated using Adobe Premier. 
Results and Discussion 
Droplet evaporation 
Most of the DNA molecules stretched on the surface via evaporation show a 
length less than 16µm, the contour length of non-stained DNA. The average length of     
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Figure 2.1. λ DNA (Dye:bps = 1:8) stretched on APTES-coated glass surfaces via 
droplet evaporation. Left: DNA stretched with a droplet of 0.25 µl at 40pg/µL; Right: 





DNA is 4.11 µm, which is consistent with our group’s previous work 
[9]
. The surface 
coverage of DNA molecules depends on the location of the imaging area within the 
original droplet, which is also a factor that contributes to the extent of stretch. There is 
one problem with this method: the reproducibility of obtaining the patterned DNA shown 
in Figure 2.1 is less than desirable. That is DNA might not be stretched in some cases due 
to poor ATPTES treatment. Additionally, the speed of evaporation is not stable in all 
cases due to the fluctuation of the humidity of atmosphere, of the airflow surrounding the 
droplet, and of the method of deposition of the droplet onto the surface.  
Suctioning 
µCP is reported to yield well-patterned DNA molecules on glass surfaces without 
any treatment
 [21]
. Figure 2.2 (a) shows both the DNA patterns obtained by suctioning on 
PDMS surfaces and those then transferred to glass cover slides. As seen in the image, the 
direction of alignment is roughly radial, similar to that from droplet evaporation. 
Furthermore, lengths of stretched DNA molecules are nearly uniform with a commonly 
seen value of ~22.5µm in selected areas. The patterning is quite repeatable regardless of 
size of droplet (from 5 µL to 40 µL). The central region of the droplet is not well 
patterned due to the high concentration of DNA solution left at the final stage of 
suctioning. This can be clearly seen in the comparison of images at different locations 
within a 40-µL droplet as shown in Figure 2.2 (b). 
Blowing 
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Figure 2.2. Patterned λ DNA (500pg/ µL, Dye: bps=1:5) using the suctioning method 
and µCP. (a) DNA stretched on PDMS (top two) with a 5-µL droplet and transferred onto 
cover glasses (bottom two); (b) stretching patterns at different locations within the initial 
deposition of a 40-µL droplet. Numbers in parentheses are the coordinates relative to the 




surface, single direction and 2-direction alignments of DNA molecules were obtained.
[18] 
This uniform alignment might make it convenient to study motions of proteins near 
multiple DNA molecules in a single run. Inspired by these results and our results using 
suction method plus µCP, we used the blowing method on a PDMS surface and were able 
to transfer the patterned DNA onto a non-treated cover glass. Although there is an edge 
effect near the edges perpendicular to the direction of droplet motion, the overall 
stretching is also quite uniform as can be seen in Figure 2.3 (a). Interestingly, a 2-D 
network of DNA molecules can be generated at the crossing region by blowing one 
droplet in one direction followed by a second droplet deposited and blown in a second 
direction (perpendicular to the first direction, Figure 2.3 (b)). In these images, there is 
distortion of DNA molecules aligned in the first direction due to the blowing of a droplet 
along the second direction. This 2-D DNA network may help in the localization of 
protein molecules for the study of protein-DNA interactions.   
Impact of pH and surfaces on the stretching of DNA molecules 
We have also extended our study of stretching of DNA molecules at different pHs 
and on different surfaces using the blowing method to understand the mechanism of 
stretching. Surfaces used include PMMA, PS, and PDMS, while pH is changed between 
5.5 and 8.0. Some simple parameters are defined for the comparison of the DNA 
stretching. The stretch ratio is simply defined as the stretch length divided by the contour 
length (L) and the mean value of the stretch ratio is number averaged stretch length (Ln) 
divided by the contour length. We also define the relative standard deviation (RSTD) as 

















Figure 2.3. Stretching of λ DNA (5ng/µL, Dye:bps=1:5) on PDMS via blowing and 





relative standard error (RSTE) as the standard error divided by the number averaged 
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Intercalating dye YOYO-1 is known to increase the contour length of the 
DNA.
[24]
 We assume that the contour length linearly increases with a base pair per dye 
ratio. When the upper limit of 0.34 nm rise per base pair is used to calculate the contour 
length of unstained lambda phage DNA, base pair per dye ratios of 8:1 and 5:1 staining 
will increase the contour length to 18.8µm and 20.1µm, respectively. Typical 
distributions of stretched DNA molecules at pH 8.0 are shown in Figure 2.4, from top to 
bottom, PMMA, PS, and PDMS, respectively. The insets are experimental results at pH 
6.6. While the pH seems to have little impact on the stretching of DNA molecules on 
both PMMA and PDMS surfaces, the stretching of DNA molecules on PS surfaces 
exhibits a strong dependency on pH with the poorest stretching at pH 6.6 as shown in 
Figure 2.5 (a). The stretching on PS surfaces done at more pH values confirms the 
tendency (Figure 2.5 (b)). Stronger hydrophobic interactions, occurring at lower pH 
values or more hydrophobic surfaces, might lead to multiple contact points between DNA 
molecules and the surface and thus decrease the stretch ratio.
[24]
 But the existence of 
poorest stretching in the middle of pH range tested in this study can not be explained 






















Figure 2.4. Distribution of stretched λ DNA (Dye:bps=1:5) on PMMA (500pg/ µL), PS 
(50pg/ µL), and PDMS (50pg/ µL) via the blowing method. The large images and the 






which complicate the effect of pH or surfaces on DNA stretching. It could be the detailed 
interaction of DNA molecules with function groups on the surface or electrostatic 
interactions if there is any. The complexity is also reflected on the amount of DNA 
molecules absorbed onto the surfaces. The statistics shows that DNA molecules have 
stronger absorption on the surface at lower pH values, consistent with the stronger 
hydrophobic interaction at acidic conditions, but the different hydrophobic surfaces used 
actually exhibit irregular impact on the number of DNA molecules absorbed on the 
surfaces as seen in Figure 2.5 (c). The least hydrophobic PMMA surfaces adsorbs much 
less DNA molecules even if the concentration is 10-folder higher than that used for PS 
and PDMS surfaces, but the most hydrophobic PDMS surfaces does not absorb more 
DNA molecules than the less hydrophobic PS surfaces. Instead, it is the PS surface that is 
most attractive to DNA molecules.  
Other than pH and surface properties, the blowing itself can also generate 
complexity during the process. A complicated flow pattern has been revealed using a 
high speed camera. The series of images captured at a speed of 1000 frames/second show 
that there is serious deformation of the droplet when it is blown (Figure 2.6). The 
deformed droplet travels on the surface and change its shape regularly that is invisible 
with bare eyes. 
Visualization of DNAse I and DNA interactions  
We have successfully imaged both lambda DNA and DNAse I molecules almost 
synchronously on a fluorescent microscope equipped with a dual-view filter. These two 









































Figure 2.5. Impact of pH on the stretch of λ DNA (Dye:bps=1:5) on PMMA ((500pg/ 
µL), PS (50pg/ µL), and PDMS (50pg/ µL) via blowing method. (a) The mean stretch 
ratio is affected both by pH and surfaces; the inset shows the impact on RSTD; (b) 
Impact of pH on DNA stretching on PS surfaces at additional pH values; (c) The impact 













































































Figure 2.6. The deformation of a droplet during blowing captured at 1000 frames/second. 
t = 0ms t = 10ms t = 20ms 
t = 25ms t = 35ms t = 45ms 
t = 50ms t = 55ms t = 60ms 
t = 70ms t = 75ms t = 85ms 
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(orange, excited at 544nm) respectively. A series of images given in Figure 2.7 by 
superimposing every two connecting frames captured real-time show a DNAse I (the red 
spot) molecule approaching a lambda phage DNA molecule (the green line), pausing near 
one end of the DNA and leaving from the DNA. The rates of movement of DNAse I 
molecule in these 3 stages are much different. It takes the molecule about 10s to find the 
DNA, during which it traveled about 14.4um and the average velocity is about 1.4µm/s. 
The velocity decreased to 0.6µm/s once the protein molecule started to move away from 
the DNA, which is correspondent to a travel distance of 7.5µm in 12.437s. In contrast, 
the mobility of the protein decreases more sharply during the period when it was pausing 
or “dancing” around one end of the DNA. It seems that the protein is “caged” during this 
period. The distance it traveled is only about 5µm in 14.431s, a velocity of 0.27µm/s.  
Figure 2.8 clearly shows this variation. The results indicate that the DNAse I molecule 
possibly has an interaction with the DNA molecule via electrostatic interactions. This 
interaction slowed the protein molecule in the vicinity of DNA and resulted in the slower 
motion of the protein molecules.  
There are several possible problems that have been identified which might 
prevent us from understanding the interaction. First, YoYo-1 labeled DNA molecules are 
prone to photobleach or be cleaved under the strong light. Second, the label protein 
molecules we saw could be in aggregated forms as found by other group member. The 
aggregation may be caused by the labeling procedure. Furthermore, the interaction that is 
supposedly to see is designed to occur near or on surfaces which could act as a barrier for 
protein molecules to access their binding sites on DNA molecules. 
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Conclusions 
The stretching of λ DNA molecules labeled with YoYo-1 has been investigated 
using fluorescence microscopy. Among the three flowing methods, suctioning and 
blowing stretch DNA molecules more than the droplet evaporation method. The impact 
of pH and surfaces were also studied with the blowing method, which reveals that the 
interfacial force between DNA molecules and the surface results from multiple sources, 
which complicates the stretching process. Stretched DNA molecules have been 
successfully applied in the study of DNAse I and DNA interaction under a dual-view 
imaging system. The characteristic motion of DNAse I molecules were captured and 
analyzed, showing the “caging” effect when the two molecules get close to each other 




























Figure 2.7. The motion of TRITC-labeled DNAse I near a stretched DNA molecule 
captured with a dual-color imaging system. DNAse I: red dots; DNA: green lines. 
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Figure 2.8. The averaged speed of DNAase I in the three distinct stages during the 
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CHAPTER III 
ATOMIC FORCE MICROSCOPIC STUDY OF AGGREGATION OF 
RECA-DNA NUCLEOPROTEIN FILAMENTS INTO LEFT-
HANDED “SUPERCOILED” BUNDLES  
 
Chapter Summary 
RecA and its complexes with double stranded DNA (dsDNA) and single stranded 
DNA (ssDNA) are responsible for homologous recombination and DNA repair. In this 
study, we have observed, by atomic force microscopy (AFM), 2-filament left-handed 
“superhelices” of RecA-dsDNA filaments that further interwind into 4- or 6-filament 
bundles, in addition to previously reported left-handed bundles of 3 or 6 filaments. Since 
this type of aggregated bundles was referred as “supercoiled”, the same terminology is 
used in our study while we understand the term is usually specific to circular dsDNA 
molecules under torsional stresses. Also revealed are 4-filament bundles formed by 
further interwinding of two intra-filament “superhelices” of individual filaments. Pitches 
of “superhelices” of RecA-DNA filaments are similar to each other regardless the number 
of component filaments, and those formed on Фx174 RFII dsDNA and pNEB206A 
dsDNA are measured as 339.3±6.2nm (690 counts of pitch/2) and 321.6±11.7nm (101 
counts of pitch/2) respectively, consistent with earlier measurements made by electron 
microscopy with a much smaller sample size. The study of these structures provides 
insight into the self-interactions of RecA and RecA-like proteins, which are present in all 
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living cells, and into the general phenomenon of bundling, which is relevant to both 
biological and nonbiological filaments. 
Introduction 
In bacterial cells, RecA-like proteins are involved in homologous recombination 
and are recruited for SOS repair of massively damaged DNA.
1-5
 In eukaryotic cells, 
homologous recombination is also closely connected to DNA repair and is assisted by 
proteins of the RecA/Rad51 family.
5-10
 The ubiquity of RecA-like proteins in nature and 
the similarity among their functions indicate their common biological importance for 
DNA recombination, renaturation and repair. 
1, 5
  
The RecA protein forms active nucleoprotein filaments on single-stranded DNA 
(ssDNA) or double-stranded DNA (dsDNA) with nicks or single-stranded regions in the 
presence of ATP. It can also form inactive filaments in the absence of DNA and ATP or 
its analogues and/or presence of ADP.
11-15
 Binding of ATP to RecA proteins introduces 
conformational changes that allow the RecA-ATP complex to bind primary DNA and 
form active filaments which play an important role during homologous pairing and strand 
exchange.
1, 2, 4, 5
 
Structures of both active and inactive filaments are revealed by Small Angle 
Neutron Scattering (SANS), X-Ray Diffraction (XRD), Electron Microscopy (EM) and 
Atomic Force Microscopy (AFM).
11-17
  The active nucleoprotein filament formed by 
RecA and ssDNA is responsible for the initiation of homologous pairing by invading a 
dsDNA molecule, after which strand-exchange occurs, followed by ATP hydrolysis 
which induces the dissociation of RecA.
1, 2, 4, 5
 Three-strand or four-strand exchange 
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interactions between RecA-DNA nucleoprotein filaments and a second naked dsDNA 
have been detected by Fluorescence Resonance Energy Transfer (FRET), gel 
electrophoresis, EM and AFM.
14, 18-22
 
In vitro studies show that the formation of active nucleoprotein filaments on 
nicked dsDNA is a two-step process.
2, 17
 The first step is nucleation of RecA proteins at a 
single-stranded region, which is slow and rate-limiting, and the second is the much faster 
elongation of the filament from the nucleus.  Both steps are facilitated by locally high 
concentrations of RecA proteins.
2
    
Despite intensive study of the conformations of single RecA-DNA filaments and 
the strand-exchange intermediates, little attention has been paid to the interactions 





. Direct imaging of interactions between RecA-DNA filaments or aggregates of 
RecA-DNA filaments is even less frequent. A recent EM study revealed large parallel 
assemblies of RecA-dsDNA filaments in response to DNA damage in vivo, strengthening 
the likelihood of a biological role for the attraction between RecA-DNA filaments when 
DNA is damaged.
3
 Self-“supercoiling” of circular RecA-dsDNA filaments has been 
observed in vitro
27
, and “supercoiled” bundles of 3 or 6 RecA-dsDNA filaments were 
reported as the main products in vitro at moderate Mg
2+
 concentration and incubation 
time based on limited EM data
23, 24
. Detailed structures of “superhelical” bundles were 
given, but these structures were averaged over a very small number of individual 
bundles.
23, 24 
In the same study, RecA-ssDNA filaments were observed to form bundles of 
many filaments without “supercoiling”.
24
 This conformational difference was attributed 
to the difference in the number of units per helical turn in these two types of RecA-DNA 
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filaments, specifically, the non-integral number of proteins per helical turn for dsDNA 
filaments and a near integral number for ssDNA filaments.
24
 The slow hydrolysis of the 
cofactor, adenosine 5’-(γ-thio) triphosphate (ATPγS), was responsible for a 
correspondingly slow conformational change of RecA-DNA filaments in the bundles.
23
 
Although no apparent biological role for such aggregation was established in these 
studies, a thorough understanding of  filament aggregation can provide valuable 
information regarding the biophysical and biochemical properties of RecA-DNA 
filaments in vitro, and eventually provide data to test molecular models of RecA self 
assembly. By using AFM, we are able to accumulate enough data for a statistical analysis 
of the bundle structure. Additionally, other features and conformations of bundles of 
RecA-dsDNA filaments are revealed, which have not been noticed before by EM.   
Materials and Methods 
Protein, DNA, and other reagents 
 Escherichia coli RecA protein, nicked circular Фx174 RFII dsDNA (5386 base 
pairs) and linear pNEB206A dsDNA (2706 bases, with single stranded overhang) were 
purchased from New England Biolabs. RecA protein (2mg/ml) was used as received 
without further purification. ATPγS (Sigma) was prepared at a concentration of 2mg/ml 
by addition of reaction buffer (7mM MgCl2, 100mM NaCl, 10 mM Tris-HCl 1mM 
EDTA, pH 8.0) or of 4mg/ml by addition of reaction buffer without MgCl2 (100mM 
NaCl, TE, pH 8.0). In all preparations, molecular-biology-grade water (Eppendorf) was 
used and DNA was diluted with TE buffer (pH 8.0). 
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Filament formation, AFM imaging, and analysis 
In brief, 12µg of ATPγS solution was mixed with 1.6µg of RecA and the  
appropriate amount of DNA in a total volume of 15ul (7mM MgCl2, 100mM NaCl, Tris-
EDTA, pH 8.0), which yields a ratio of about 2 DNA base pairs per RecA monomer. The 
reaction mixtures were incubated at 37
o
C for one hour. For negative control, the reaction 
was conducted in the absence of DNA. A series of reactions were also carried out for one 
hour on RecA and Фx174 RFII dsDNA system with Mg
2+
 concentrations ranging from 
0mM to 48mM. With all other reaction conditions held fixed, the incubation time was 
varied from 1hr to 9 days to study its impact on the aggregation of filaments of RecA and 
Фx174 RFII dsDNA at 7mM Mg
2+
. After incubation, all reaction mixtures were 
immediately diluted with 85µl of AFM imaging buffer (10mM MgCl2, 10mM NaCl, Tris-
EDTA, pH 8.0). The resulting diluted mixtures were further diluted by 16 or 8 fold with 
imaging buffer for better imaging by AFM because higher concentrations of unreacted 
proteins prevents imaging other structures on the surface. The above diluted reaction 
mixtures were immediately deposited onto freshly pealed mica surfaces and incubated at 
room temperature for 4 minutes followed by thorough washing with molecular biology 
grade water and air drying before being mounted onto the AFM stage. A Multimode 
AFM with Nanoscope IIIa controller (Digital Instruments/Veeco) was used to image the 
sample in tapping mode in air with silicon probes NSC 16 (Mikromash). The resonance 
frequency of the cantilever was tuned to 150~170 kHz, and the drive amplitude and set 
point were adjusted to minimize the possible damage to the sample while maintaining 
stable image quality. The resulting images were first flattened with Nanoscope IIIa 
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software and further processed with Wsxm free software (developed by Nanotec 
Electrónica in Spain and downloadable at http://www.nanotec.es). 
Images of intact DNA were obtained by a similar process. In general, DNA was 
first diluted with imaging buffer to 500pg/µl and then deposited in the same way as the 
RecA-DNA reaction mixtures. 
Results and Discussion 
Formation of complete filaments and control experiments  
While the fixation of DNA onto mica surfaces by divalent ions is a complicated 
process
28
, our experience shows that the imaging buffer we use holds the DNA and 
RecA-DNA filaments onto freshly pealed mica surfaces firmly and allows stable imaging 
in air. (See Supporting Information for reaction and sample preparation) Typical 
conformations of naked Фx174 RFII dsDNA (5386bps, circular) on the mica surface are 
shown in Figure 3.1 (a). Most of the DNA molecules are circular, although linear DNA 
can occasionally be seen due to the breakage of plasmid circles.
29
 Images of pNEB206A 
dsDNA (2706 bps, linear) were also obtained but not shown here. The mixture of RecA 
incubated with ATPγS without the addition of DNA shows that RecA proteins without 
DNA only form ring-like structures (Figure 3.1 (b)), which is consistent with earlier 
reports that RecA or RecA-like proteins can polymerize into both rings and short rods at 
appropriate conditions.
7, 10, 30
 The reaction mixture of RecA and Фx174 RFII dsDNA 
after a one-hour incubation shows both naked DNA molecules and mature nucleoprotein 
filaments in linear and circular forms (Figure 3.1 (c)), green arrows point to naked DNA 
molecules), indicating possible breakage of plasmid circles during RecA binding. The 
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appearance of naked DNA in an excess of RecA is due to slow nucleation rate of RecA 
on dsDNA at pH above neutral.
2, 17
 As a result of typical compression effect when 
samples are imaged in dry conditions using AFM, the apparent height of nucleoprotein 
filaments is about 2.5~3 nm, which still makes these filaments so prominent that naked 
DNA are obscured and can barely be seen on the same AFM image. Not surprisingly, 
immature filaments that are partially covered by RecA were also observed (Figure 3.1 
(d)), in circular and linear forms; green arrow indicates the naked DNA tail). Individual 
filaments formed with pNEB206A linear dsDNA are shown in Figure 3.1 (e). 
The intra-filament “supercoiling” and its left-handedness  
In addition to the intact filaments seen above, a variety of “superhelical” bundles 
of filaments are seen for a wide range of incubation times and Mg
2+
 concentrations. 
These bundles exhibit 2, 3, 4 or more component filaments. Not all the helical structures 
of filaments presented in our image gallery show clear handedness, but those with 
distinguishable handedness are all left-handed. The helical structures with legible 
handedness on RecA-dsDNA presented in this report are selected from our image gallery 
generated from all reaction conditions where only Mg
2+
 and reaction time were varied 
and all other reaction parameters were held fixed. In addition, all images are 
topographical unless stated otherwise. To help visualize the left-handedness, we provide 
an example for a 2-filament superhelix (Figure 3.2) before presenting other experimental 
images. In a typical AFM image, a brighter pixel means a larger vertical dimension or 
higher altitude (Figure 3.2 (a)). If we focus on the crossing point (locally brightest region) 















Figure 3.1. Formation of nucleoprotein filaments by DNA and RecA proteins. (a) 
Relaxed naked Фx174 RFII dsDNA (5386bps, circular) on surface. (b) Ring-like 
structures formed by RecA proteins without DNA (phase image). (c) RecA and Фx174 
RFII DNA filaments in circular and linear forms with completely naked DNA in the 
background. The naked DNA molecules are barely visible and indicated with green 
arrows. (d) Partially formed RecA and Фx174 RFII DNA filaments in circular and linear 
forms. The naked tail (regions on DNA not covered by RecA) is indicated with green 
arrow. (e) RecA and pNEB206A dsDNA (2706 bps, linear) filaments. All reactions were 
conducted in Tris-EDTA buffer (pH 8.0) with 7mM MgCl2 and 100mM NaCl for 1 hour. 





(boxed area in Figure 3.2 (a); inset in Figure 3.2 (b)), the local arrangement of R1 and R2 
is either R1 on top of R2 or R2 on top of R1.  If R1 is on top of R2, which is left-handed 
rising, the local conformation of R2 is flat on the bottom, but R1 is bulged on the top. The 
opposite occurs if R2 is on top of R1 (right-handed rising). The line profile along filament 
R1 exhibits a wider plateau than that along R2 (Figure 3.2 (b)), implying that the bulge 
belongs to R1. Hence, R1 is on top of R2 and the “supercoiling” is left-handed (see 3D 
rendering in Figure 3.2 (c)). The alignment of this bulge relative to the central axis S, 
therefore, clearly shows the handedness of the entire superhelix. The same method can be 
applied to cases involving more than two filaments. Intra-filament “superhelices” or self-
coiled filaments, a specific form of 2-filament “superhelices”, are only seen on RecA and 
Фx174 RFII DNA filaments both in linear and circular forms (Figure 3.2 (a); Figure 3.3). 
Self-interwinding was seen for circular RecA-dsDNA filaments in EM studies without 
mentioning the handedness
27
. Our AFM images show clear left-handedness for self-
coiling (Figure 3.3 (a) and 3.3 (b)), but tighter self-coiling could yield illegible 
handedness (Figure 3.3 (c)).  We note that both mature and immature linear RecA-
dsDNA filaments can also self-interwind, which has not been reported before (Figure 3.3 
(d), green arrow refers to the naked dsDNA tail of an immature filament). 
The inter-filament “supercoiling”  
Both filaments of Фx174 RFII DNA and pNEB206A DNA with RecA are able to 
interwind with other filaments to form inter-filament “superhelices” (Figure 3.4). Our 
results revealed the separate existence of bundles of 2 filaments (Figure 3.4 (a), 
















Figure 3.2. Observation of left-handedness in plane images. (a) Plane image of coiled 
filaments of RecA and Фx174 RFII DNA at a reaction time of around 2 days at 7mM 
Mg
2+
; (b) Topographic profiles of segment R1 and R2 at an R1-R2 crossing. The wider 
plateau in the profile of R1 indicates that R1 is on top of R2 and bulges out, making a left-
handed helical turn. Inset: enlarged image of boxed area in (a), S stands for the central 
axis of “supercoiling”; (c) Left-handedness is clearly seen in a 3D reconstruction. 
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Figure 3.3. Formation of intra-filament “superhelices” by RecA and Фx174 RFII DNA 
filaments. (a) Self-coiling of circular filaments with legible left-handedness. L is the path 
between two adjacent crossing points (180° helical rising), P is the “superhelical” pitch 
(360° helical rising); 2mM Mg
2+
 and 1 hour reaction time; phase image. (b) Self-coiling 
of circular filaments with legible left-handedness, 7mM Mg
2+
and 1hour reaction. (d) 
Compact self-coiling of circular filaments with unclear handedness. Upper image: 1-hour 
reaction at 7mM Mg
2+
; lower image: 1-hour reaction at 48mM Mg
2+
. (d) Self-coiling of 
mature (left) and immature (right) linear filaments, both after 1hour reaction with 7mM 
Mg
2+









 360° rising 
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RFII DNA filaments), which is not reported by EM studies other than 2-filament self-
coiling, i.e., a single filament wrapping once around itself. For instance, it is clear that a 
linear filament (both its ends are indicated with green arrows) winds around a circular 
filament in Figure 3.4 (b).  These 2-filament bundles occur frequently and could further 
wind into 4- or 6-filament bundles (Figure 3. 4 (c), green rectangle and circle), consistent 
with conformational changes induced by hydrolysis of ATPγS where 2-filmaent and 3-
filament bundles have been found to be components of 6-filament bundles.
23
 
Interestingly, the further “supercoiling” of intra-filament “superhelices” creates unique 4-
filament bundles, or “super-superhelices”, which exhibit 3 levels of helical structures, the 
right handed building blocks of RecA-dsDNA filaments, left-handed self-coiling of 
individual filaments and left-handed inter-winding of 2 self-coiled filaments (Figure 3.4 
(d), each individual self-coil filament is numbered). There are two such “super-
superhelices” in Figure 3.4 (d), namely, self-coiled filaments 1&2 (or 3&4) interwind 
with each other to form “super-superhelices”. Finally, large bundles of filaments were 
more frequently seen at higher Mg
2+
 concentrations, where regions composed of different 
numbers of filaments are shown in a single large bundle (Figure 3. 4 (e)). 
Pitches of the “supercoils” 
To characterize these “superhelical” bundles, it is essential to determine the 
“superhelical” pitch statistically. Paths (L) between two neighboring crossing points on 
“superhelical” bundles were collected on bundles formed at 7mM Mg
2+
 with reaction 
time ranging from 1 hour to 9 days so that the pitch can be obtained in the way described 

















Figure 3.4. Inter-filament “superhelices” formed by coiling of RecA-dsDNA filaments. 
(a) 2-filament helical bundle of RecA and pNEB206A DNA, 1-hour reaction at 7mM 
Mg
2+
; (b) 2-filament helical bundle of RecA and Фx174 RFII DNA. Green arrows refer 
to the ends of the linear component filament, 1 hr reaction at 7mM Mg
2+
; (c) Bundles of 
RecA and Фx174 RFII DNA show 2-filament bundles (green Box), which further coil 
into 4-filament and 6-filament (green triangle and circle) left-handed “supercoils”. 
Reaction is conducted at 36mm Mg
2+
 for 1 hour; (d) “Super-superhelices” formed by 
coiling of RecA and Фx174 RFII DNA intra-filament “superhelices” during 1 hour 
reaction at 7mM Mg
2+
; numbers refer to different filaments and identity their ends. It is 
clear that self-coiled filaments 1&2 (or 3&4) interwind with each other to form “super-
superhelices”; (e) Large left-handed helical bundle of RecA and Фx174 RFII DNA 
filaments formed after 1 hour reaction with 24mM Mg
2+
. Regions with different numbers 




































Figure 3.5. “Superhelical” pitches of bundles of RecA-dsDNA filaments. (a) Distribution 
of L from “superhelical” bundles of RecA and Фx174 RFII DNA filaments. Pitches are 
collected from 3 groups of bundles, that is, P2 from 2-filament bundles, P3 from 3-
filament bundles and PO from all other bundles. P is the value averaged over all data; (b) 
Distribution of L from “superhelical” bundles of RecA and pNEB206A DNA filaments. 
Due to smaller sample size, data are not divided into groups; only the value of pitch 
averaged over all data is given.  
  



















































over which the filament makes a 360° turn. Therefore, L is equal to P/2, since crossing 
points occur with every 180° turn (Figure 3.3 (a)). The distributions of L sampled from 
all bundles of RecA filaments on Фx174 RFII DNA (N=690) and pNEB206A dsDNA 
(N=101) are shown in Figure 3.5 (a) and 3.5 (b) respectively, where N is the number of 
counts. The wide distributions in both cases (standard deviations equal to 79.1nm and 
58.6nm for the two RecA-dsDNA systems respectively) are possibly the consequence of 
the gradual formation of “superhelical” bundles via random contact. One might suspect 
that the variation in pitches arises from a later slow internal conformational adjustment 
induced by slow hydrolysis of ATPγS which occurs over a time scale of hours. However, 
it has been shown that this adjustment of conformation generates little variation in the 
“superhelical” pitch, according to EM studies.
23, 24
 In the same studies, there is also little 
variation detected among the “superhelical” pitches for 3-filament, 6-filament and 5-
filament bundles.
23, 24
 Our results support the conclusion that the pitches of bundles with 
different numbers of component filaments are similar. If the 690 samples counted on 
RecA-(Фx174 RFII DNA) filaments are separated into 3 groups, that is, 2-filament 
bundles, 3-filament bundles and all other bundles, the average pitches of 2-filament 
bundles (P2) and 3-filament bundles (P3) are 331.1±6.9nm (N=391) and 330±13.0nm 
(N=111) respectively, while that of all other bundles (PO) is 361.3±15.1nm (N=188). At 
this point, the value of P averaged over all “superhelical” bundles of RecA and Фx174 
RFII DNA filaments, 339.2±8.0nm, is reasonably taken as the characteristic value of P 
for these bundles. It is not surprising that the pitch of bundles of RecA with pNEB206A 
dsDNA filaments is 321.6±11.7nm, close to that of Фx174 RFII DNA filaments. The 
value of P claimed by earlier studies from limited data is about 340nm, while 378nm is 
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calculated from their data for 3-filament bundles (N=several), and a range of 





We have found that RecA-dsDNA filaments aggregate into “supercoiled” bundles 
with regular pitches using AFM. The packaging of RecA-DNA filaments is apparently 
directed by the attraction of RecA molecules to each other in the presence of magnesium 
ions, as supported by other studies involving protein-induced DNA bending.
16
 The 
formation of left-handed bundles of RecA-dsDNA has been attributed to the non-integral 
number of units per helical turn in RecA-dsDNA filaments, which supports formation of 
multi-filament bundles over a range of Mg
2+
 concentration. RecA-ssDNA filaments only 
form non-“supercoiling” aggregates because of their nearly integral number of protein 
units per helical turn.
24
 Our results show other conformations of RecA-dsDNA filaments, 
namely, 2-filament bundles and their further-coiling products, but that does not exclude 
the occasional occurrence of locally parallel alignment of filaments (circled area in 
Figure 3.4 (e)) which is also consistent with in vivo studies where RecA-dsDNA filament 
were seen in parallel conformation in response to severe DNA damage.
3
 Statistical 
analysis of our data shows that these bundles exhibit similar “superhelical” pitches 
despite the different numbers of component filaments. Although homology in DNA 
sequence is required for strand exchange, which is the biological function of RecA, 
homology is apparently not necessary for the aggregation of RecA-DNA filaments into 
“superhelical” bundles. This conclusion follows from our observation of self aggregation 
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of RecA-DNA filaments within a single circular DNA sequence, which lacks sequence 
homology over extended distances. In addition, our studies provide insight into the 
general mechanism of supercoiling and supercoiled aggregation, which also occurs in 
DNA
31, 32 
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CHAPTER IV 
RECA-SSDNA FILAMENTS “SUPERCOIL” IN THE PRESENCE OF 
SINGLE-STRANDED DNA BINDING PROTEIN 
 
Chapter Summary 
We find that RecA-ssDNA filaments, in the presence of single-stranded DNA 
binding (SSB) protein, organize into left-handed bundles, which differ from the 
previously reported disordered aggregates formed when SSB is excluded from the 
reaction. In addition, we see both left- and right-handedness on bundles of two filaments. 
These two-filament “supercoils”, individual filaments,  and other smaller bundles 
further organize into more complicated bundles, showing overall left-handedness which 
cannot be explained by earlier arguments that presumed “supercoiling” is absent in 
RecA-ssDNA filaments. This novel finding and our previous results regarding 
“supercoling” of RecA-dsDNA filaments are, however, consistent with each other and 
can possibly be explained by the intrinsic tendency of RecA-DNA filaments, in their 
fully-coated form, to order themselves into helical bundles, independent of the DNA 
inside the filaments (ssDNA or dsDNA).  RecA-RecA interactions may dominate the 
bundling process, while the original conformation of DNA inside filaments and other 
factors (mechanical properties of filaments, concentration of filaments, and Mg
2+
 
concentration) could contribute to the variation in the appearance and pitch of 
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“supercoils”. The tendency of RecA-DNA filaments to form ordered “supercoils” and 
their presence during strand exchange suggest a possible biological importance of 
“supercoiled” filaments. 
Introduction 
Homologous recombination and repair of damaged DNA are essential biological 
functions in living organisms. These processes require participation of many proteins, 
including RecA (Recombinase A) or RecA-like proteins.
[1-3]
 It is well known that RecA 
proteins form helical nucleoprotein filaments on single-stranded DNA (ssDNA) or 
double-stranded DNA (dsDNA) in the presence of ATP or its analogs and that the 
filaments function as active substrates to initiate homologous recombination or strand 
exchange interactions with other naked dsDNA molecules, which serves as part of the 
DNA damage repair mechanism
[2, 4]
. The formation of filaments on DNA molecules 
involves two steps, nucleation and extension. The nucleation on dsDNA is slower than 
that on ssDNA and the presence of a single-stranded region on dsDNA can enhance the 
nucleation process, while the extension of filaments is fast on both dsDNA and ssDNA.
[2]
 
Secondary structures on ssDNA tend to block filament extension, resulting in incomplete 
RecA coating, especially for long ssDNA molecules.
[5]
 Hence, single stranded DNA 
binding (SSB) protein is usually added to remove secondary structures within ssDNA.
[5, 6]
 
Although SSB protein competes with RecA for nucleation sites on ssDNA, it is readily 
removed by RecA when the extension of RecA from other nucleation sites reaches SSB 
binding sites.
[5-7]
 In addition, free SSB protein possibly assists strand exchange by 





It is believed that the search for homologous regions is facilitated by 
coaggregation of RecA-filaments with target naked DNA molecules, during which a 
highly efficient, but enigmatic, screening for homology occurs.
[2]
 Earlier studies on 
coaggregates or bundles of RecA-filaments show no direct evidence of any biological 
role of filament-filament aggregation, which has limited interest in this topic for the last 
decade.
[9-11]
 Recently, however, an in vivo study has indicated that such aggregation 
could be related to the cellular response to massive DNA damage.
[12]
 RecA-DNA 
filaments and aggregates visualized with electron microscopy (EM)
 [11-13]
 and AFM 
[14-16]
 
have shown that RecA-dsDNA filaments readily assembly into left-handed bundles 
[11, 14]
. 
RecA-ssDNA filaments aggregate as well, but have in the past always been found to be in 
a disordered conformation.
[11]
 However, we show here that RecA-ssDNA filaments can 
form left-handed “supercoils” if complete coating of ssDNA by RecA is ensured by 
inclusion of SSB protein. And these “supercoils” also exist during the limited strand-
exchange interaction that occurs in the presence of adenosine 5′-O-(3-thiotriphosphate) 
(ATPγS), a nearly non-hydrolysable version of ATP. Surprisingly, the coexistence of left- 
and right-handedness on a single bundle is seen on two-filament bundles of RecA-ssDNA 
filaments, which is absent in bundles of RecA-dsDNA filaments.  
Materials and Methods 
The experimental procedure is similar to that of our previous study [14] except 
that homologous dsDNA fragments with different lengths were added to initiate limited 
strand exchange with a 5386-bp viron ssDNA. 
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Protein, DNA, and other reagents   
Escherichia coli RecA protein, nicked circular Фx174 RFII dsDNA (5386 base 
pairs), supercoiled Фx174 RFI dsDNA, circular Фx174 viron ssDNA (5386 bases), 
pNEB 206A dsDNA, DNA ladders, Proteinase K and six restriction enzymes (BssH II , 
Drd I, Sap I, Bts I, Ssp I, BsoB I) were purchased from New England Biolabs. Single 
stranded DNA binding protein (1–5mg/ml) was purchase from Promega. RecA protein 
(2mg/ml) was used as received without further purification. ATPγS and SDS were 
purchased from Sigma. In all preparations, molecular-biology-grade water (Eppendorf) 
was used and DNA was diluted with TE buffer (pH 8.0). 
Preparation of linear dsDNA fragments and strand exchange interactions  
A series of restriction fragments were prepared by double digestion of Фx174 RFI 
dsDNA with BssH II and one of the remaining 5 restriction enzymes, and the resulting 
fragments were separated by agarose gel electrophoresis and collected using a Qiagen 
Gel extraction kit. The concentrations of these fragments were estimated by reading their 
brightness on the gel and using DNA ladders as reference. Фx174 viron ssDNA was first 
incubated with RecA protein for 10 minutes at 37 
o
C, and SSB protein and ATPγS were 
then added to initiate filament formation. After another 20 minutes, dsDNA fragments 
were introduced to initiate strand exchange interaction. That moment is also set as the 
starting point of sampling. The final reaction volume is 20 µL, containing 1.4 nM viron 
DNA, 2.65 µM RecA, 3 mM ATPγS, 400 nM SSB in 1x RecA buffer (10 mM MgCl2, 70 
mM Tris-HCl, 5 mM Dithiothreitol, pH 7.6). A 6 µL sample was taken out at 0 min, 40 
min and 180 min respectively, 1 µL of which was diluted 10 times with 1x RecA buffer, 
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deposited onto mica surface immediately for 5 min and dried by air blowing. AFM 
imaging and analysis are identical to our previous study. The remaining sample was 
deproteinized in 1% SDS and 1 mg/ml Proteinase K for 30 min at 37 
o
C and then frozen 
before running on agarose gel.  
Results and Discussion 
According to the gel images (not shown), limited strand exchange did occur under 
our reaction conditions, which has been already shown by other groups.
[17, 18]
 In the 
presence of SSB protein, regular filaments together with “supercoiled” bundles are seen 
in all cases by AFM. Some typical regular filaments are shown in Figure 4.1 (a) where 
the contour length is approximately 150 percent of that for B-form dsDNA. The observed 
linear filaments are caused by either impurities of as-received circular ssDNA or 
breakage during sample preparation.  
RecA-ssDNA filaments form “supercoiled” bundles in the presence of SSB  
Strikingly, almost all bundles with discernable handedness are composed of 
multiple filaments and are biased towards left-handedness except for a few observable 
cases of right-handedness on two-filament bundles which will be discussed in a later 
section. Some typical bundles pictured at various conditions are shown in Figure 4.1 (b) 
and 4.1 (c). The appearance of left-handed bundles is not in conflict with a previous EM 
report that RecA-ssDNA filaments only form disordered aggregates
 [11]
, since in the 
present study ssDNA was preincubated with SSB protein to facilitate RecA binding by 
removal of secondary structure in ssDNA, which was not added in the early study. 
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Hence, the filaments or aggregates of RecA and ssDNA reported previously would likely 
have been partially and discontinuously covered by RecA molecules, and thus not 
comparable to the current case, where filaments were likely fully coated by RecA. Other 
studies have demonstrated that, in the absence of SSB, ssDNA molecules form much 
shorter filaments in most circumstances due to barriers created by secondary structures of 
ssDNA
 [5, 16]
, which was also seen in our control experiment without SSB protein (Figure 
4.1 (d) and 4.1 (e)). The contour length of filaments formed without SSB could be as 
short as 400 nm 
[16]
, less than 15% of that of fully-coated filaments. Apparently, these 
partially-coated filaments aggregate much differently than the fully-coated ones. This 
supports our inference that RecA-ssDNA filaments are capable of forming regular 
“supercoils” if the ssDNA is fully coated with RecA protein. Therefore, the SSB protein 
is indispensable to achieving “supercoiling” of RecA-coated ssDNA filaments. A 
partially-coated RecA-ssDNA filament is malformed and may yield disordered 
aggregates, as seen in the EM study. In contrast, SSB protein is not needed to form fully-
coated filaments on dsDNA molecules. Consequently, one sees different behavior with 
RecA-dsDNA vs. RecA-ssDNA filaments during aggregation if no SSB protein is 
present. When RecA-ssDNA filaments are fully coated, such differences are reduced and 
left-handed “superhelical” bundles are visible just as for RecA-dsDNA filaments. There 
is no observable impact of SSB protein on the formation of “supercoils” in the RecA-
dsDNA system (data not shown), which is reasonable since SSB protein only binds to 
ssDNA molecules.  
Control experiments, in which water, homologous ssDNA, or heterologous 




















Figure 4.1. “Supercoiled” conformation of RecA-ssDNA filaments. (a) Fully coated 
RecA-ssDNA filaments in the presence of SSB. The image shown was taken 180 
minutes after initiating strand exchange by addition of 200-bp fragments of dsDNA. 
Some coiled filaments are also seen in the image (green arrows); (b) & (c) Left-handed 
“supercoils” of RecA-ssDNA filaments during strand-exchange interaction with 
homologous dsDNA fragments of 1047 bps sampled at 180 min and 3790 bps at 0 min 
respectively; (d) & (e) Incomplete RecA-ssDNA filaments formed without SSB protein. 
The contour length of the filament in (d) is measured as 1.6 µm, while for the one in (e) 











left-handed bundles with occasional right-handedness observable in two-filament 
“supercoils” (Figure 4.2). This result confirms that the “supercoiling” of RecA-ssDNA 
filaments is not due to the transfer of RecA molecules from ssDNA to dsDNA, but to an 
intrinsic “supercoiling” tendency possessed by both RecA-ssDNA filaments and RecA-
dsDNA filaments. In other words, it is an intrinsic property of RecA-DNA filaments to 
form “supercoils” whether the DNA inside is single or double stranded, provided that the 
DNA molecules are fully coated with RecA protein. We suggest that the intra- and inter- 
filament contacts between RecA molecules are possibly the dominant factor that leads to 
the “supercoiling” of those bundles, tuned by divalent cations. Determining the detailed 
mechanism of bundle formation would require further experimental data. Incubation 
time, concentration of Mg
2+
, filament concentration, and other factors, such as whether  
the enclosed DNA is single- or double-stranded, may contribute to the variability of the 
helical pitch of the “supercoiling” and the size of bundles. 
The aggregation kinetics depends on the incubation time and Mg
2+
 
Our study of aggregation of RecA-dsDNA filaments shows that the both 
incubation time and Mg
2+
 concentration only impact the size of aggregates of RecA-
dsDNA filaments but not the tendency to “supercoil”. Upon increase of magnesium 
concentration, larger and more compact aggregates are more frequently seen, 
accompanied by a sharp decrease in the number of intact single filaments and simple 
complexes or small bundles. We counted the numbers of objects on a mica surface with a 
scan area of 40 µm × 40 µm at ten different locations for each reaction occurring at Mg
2+
 














Figure 4.2. Left-handed “supercoils” formed in the absence of homologous dsDNA. 
Substitution of homologous dsDNA with (a) water, (b) homologous ssDNA, and (c) 
heterologous dsDNA still results in “supercoils” that are similar to those seen during 






















Figure 4.3. Effect of Mg
2+ 
concentration and incubation time on the aggregation of 
RecA-dsDNA filaments. (a) Number of objects counted on a mica surface with a scan 
area of 40 µm × 40 µm averaged at ten different locations with incubation time of 1 hour 
at various Mg
2+
 concentrations. The initial increase at low Mg
2+ 
levels is due to the 
enhanced formation of filaments, while the later decrease at high Mg
2+ 
levels is the result 
of formation of large aggregates; (b) Number of objects counted on a mica surface with a 
scan area of 40 µm × 40 µm averaged at ten different locations decreases as incubation 
times increases from 1 hour to 9 days at 7 mM Mg
2+
. The decrease indicates the gradual 



















































Although the resolution at such a large scanning area is too low to determine the detailed 
structure of an individual object, it still allows us to estimate the number of objects with 
visible length larger than 400 nm in the X-Y plane. No objects are observed when 
magnesium is absent, obviously due to lack of filament formation since magnesium is 
essential to activate RecA to coat DNA molecules. Once magnesium is present in the 
reaction, single filaments or bundles of filaments are seen and the number of counts 
reaches a maximum at a magnesium concentration of around 8 mM. A further increase in 
Mg
2+
 leads to a decrease in the number of objects, apparently due to more or faster 
aggregation in the presence of a higher concentration of Mg
2+
. A yet further increase in 
magnesium concentration above 24 mM shows little impact on the number of objects 
counted, indicating that the effect of magnesium saturates at concentrations above 24mM. 
Similarly, denser packaging of RecA-dsDNA filaments can be seen when the incubation 
time is increased with Mg
2+
 concentration maintained at 7 mM. The number of objects 
counted gradually decreases, from around 34 counts in a one-hour reaction to less than 8 
counts in reactions lasting more than 4 days (Figure 4.3 (b)), indicating the slow but 
accumulating merger of aggregates into larger ones. A similar trend is seen for RecA-
ssDNA filaments when the incubation time is changed from 0 min to 180 min, which 
provides additional evidence that the aggregation of RecA-ssDNA filaments follows a 
mechanism similar to that for the aggregation of RecA-dsDNA filaments.  
The aggregates are different for RecA-ssDNA and RecA-dsDNA filaments 
Despite the overall similarity in the appearance of bundles of RecA-ssDNA (fully 
coated) and RecA-dsDNA filaments, bundles of RecA-ssDNA filaments exhibit some 
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unique features that are not seen for RecA-dsDNA filaments.  Contact between 
filaments is tighter and denser on RecA-ssDNA than on RecA-dsDNA filaments. The 
component filaments within these “supercoils” of RecA-ssDNA tend to be tightly 
wrapped by their neighbors so that it is difficult to tell the exact number of filaments in a 
single bundle or the handedness (Figure 4.4 (a) and 4.4 (b)). In many cases, two filaments 
seem to “melt” into each other and might be mistaken as a single filament if there were 
no non-coiled filaments in the same scan (Figure 4.4 (a)) or apparently split of the 
“melted” coils (Figure 4.4 (b)). However, for dsDNA filaments, although we occasionally 
find “supercoiling” that is so tight that the two filaments are almost indistinguishable, we 
are still able to tell that there are two filaments instead of a single one without referring to 
non-coiled filaments, and handedness is readable in most cases. The greater flexibility of 
RecA-ssDNA filaments relative to RecA-dsDNA filaments is possibly a reason for the 
“melted” conformations of RecA-ssDNA filaments. As one can imagine, it would be 
easier for softer RecA-ssDNA filaments to coil tightly with each other than for stiffer 
RecA-dsDNA filaments to do so. Additionally, both handednesses were occasionally 
seen in a single bundle of two filaments (Figure 4.4 (c) and 4.4 (e)). This is never 
observed for RecA-dsDNA filaments. A couple of examples of such topologies are 
shown together with schematic redrawings of the component filaments showing their 
topologies (Figure 4.4 (c) and 4.4 (d)). When changing handedness within a single 
bundle, one component filament must bend at certain point, as illustrated in the drawings.  
Observation of two circular filaments wrapping around each other provides further 
evidence of such change in handedness in a single bundle (Figure 4.4 (e)). There is no 
















Figure 4.4. “Melted” coiling of RecA-ssDNA filaments and coexistence of both 
handednesses on single bundles. (a) Two completely “melted” filaments (green arrows) 
are otherwise hard to identify without the coexistence of non-coiled single filaments in 
the image; (b) The “melted” structure is confirmed in the observation that two filaments 
seem to “melt” into each other (green arrows) with the apparent separation of the 
“melted” topology into two individual filaments shown by the white arrows; (c) & (d) 
Coils with apparently both handednesses, in each case clarified by a schematic drawing; 












without breaking at least one of them or reversing the wrapping direction. Even though it 
is hard to tell the local handedness on these bundles of two circular filaments due to close 
wrapping, we can conclude from the presence of the wrapping of circular filaments that 
both handednesses are equally present in this topology. The different rigidities of RecA-
ssDNA vs. RecA-dsDNA filaments might again explain the above difference between 
exclusive left-handedness in dsDNA filaments vs. both handednesses in ssDNA filaments 
since the more flexible RecA-ssDNA filaments could have more freedom to reverse their 
wrapping directions. The increased steric hindrance in the crowded neighborhood might 
contribute to the exclusive left-handedness seen on multiple-filament bundles, although 
further investigation is needed to explain this biased selection.  
For the reason mentioned above, we did not catalogue “supercoils” of RecA-
ssDNA filaments based on the number of component filaments nor analyze the pitches of 
“supercoils”. Actually, it is hard to read the pitches of these bundles due to their close 
packing. 
Why should ssDNA filaments occasionally “supercoil” with either handedness, 
while dsDNA filaments always form left-handed “supercoils”? Besides the different 
rigidities, another clue is the variable pitch of “supercoils” in RecA-dsDNA filaments. 
While we observed an average pitch of around 350 nm for RecA-dsDNA “supercoils”, 
there were substantial variations from one “supercoil” to the next, yielding a standard 
deviation of around 60~80 nm, about 20% of the average pitch 
[14]
. The variability in the 
pitch suggests that when filaments bind to each other, the twist in each filament might 
fluctuate or be altered in a non-reproducible way, influenced by the details of how the 
RecA units bind to each other, and the twist could be locked into a non equilibrium value, 
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which can be relieved by “supercoiling”. Filaments of dsDNA are thought to form left-
handed “supercoils” because of a non-integral number of RecA molecules per helical turn 
in RecA-dsDNA filaments 
[11]
.  Additional positive or negative “supercoiling” arising 
from the change in the pitch of individual filaments upon binding to each other could 
contribute to the observed variability of the left-handed “supercoiling” (positive) without 
changing the overall handedness of the “supercoiling”. For ssDNA filaments, if there is 
no natural pitch of the coiling as indicated by its disordered appearance in the EM study 
[11]
, a positive or negative variation in filament pitch would lead to an overall positive or 
negative pitch of the coiling, which can vary from region to region within the same 
“supercoil”. This may explain the appearance of both handednesses in two-filament 
RecA-ssDNA bundles, but does not explain the exclusive left-handedness observed in 
multi-filaments “supercoils”. 
 Conclusions  
We have found that RecA-ssDNA DNA filaments also form “supercoiled” 
bundles like RecA-dsDNA filament, but SSB is required since it helps loading of RecA 
onto ssDNA molecules. There are distinct features on these two types of bundles in terms 
of density of bundling and handedness. The ordered aggregation of RecA-dsDNA and the 
disordered aggregation of RecA-ssDNA filaments formed without SSB have been 
previously attributed to the non-integral number of protein units per helical turn of RecA-
dsDNA filaments and the near-integral number for RecA-ssDNA filaments
 [11]
. A later 
study by the same group actually shows that RecA-dsDNA and RecA-ssDNA filaments 




put in doubt their previous argument that “supercoiling” is the result of non-integral 
number of RecA proteins per helical turn of the filament. Our results clearly show that 
the difference in “supercoiling” is instead due at least in part to the different coverage of 
RecA in each DNA species. RecA can cover dsDNA molecules completely without the 
presence of SSB protein, but SSB protein is essential to achieve full RecA coating on 
ssDNA molecules. When SSB is included in the reaction, RecA-ssDNA filaments form 
left-handed “superhelical” bundles. The similar topology found on bundles of RecA-
dsDNA and RecA-ssDNA filaments is thus a reflection of the common feature of fully-
coated RecA-DNA filaments, i.e., its tendency to form “supercoils” despite that the 
bundles of RecA-ssDNA filaments are packaged more densely than are those of RecA-
dsDNA filaments. Although it is not clear how and why these bundles are formed, a 
reasonable guess would be that contacts between RecA molecules on the filaments may 
dominate the bundling process, mediated by divalent ions such as Mg
2+
 and other factors. 
The difference in filament stiffness between RecA-ssDNA and RecA-dsDNA filaments is 
probably the cause of the different compactness of aggregates of the two filament types. 
The stretching modulus of RecA-dsDNA filaments (i.e., Young’s modulus) has been 
found to be double of that of RecA-ssDNA filaments 
[19]
. Since the bending modulus of a 
filament is proportional to its Young’s modulus, RecA-ssDNA filaments are likely to be 
less resistant to collapse into densely packaged aggregates than are RecA-dsDNA 
filaments. For the same reason, RecA-ssDNA filaments could bend locally and shift 
handedness within two-filament bundles. The simultaneous coiling of multiple filaments 
may prevent such bending from occurring because of the strong coordination among the 
component filaments, but further study is needed to achieve a comprehensive 
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understanding of the mechanism. The existence of “supercoils” during strand exchange in 
the presence of ATPγS also suggests a possible role of such bundles from a biological 
point of view.  
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CHAPTER V 
RECA DISSOCIATION AND ATP HYDROLYSIS HAVE DUAL ROLES 
DURING STRAND EXCHANGE INTERACTIONS 
 
Chapter Summary 
E. coli RecA plays an essential role in strand exchange interactions. We 
demonstrate that RecA dissociation exhibits a dual role during strand exchange. While it 
inhibits all other steps, RecA dissociation promotes completion of strand exchange by 
irreversibly removing RecA coating on nascent heteroduplexes, the last step in the 
process. The counteracting effects of RecA dissociation are evidenced by the existence of 
an optimal ATP regeneration level and an optimal length of incoming dsDNA at which 
maximum yield of nascent heteroduplexes is achieved. Because RecA dissociation is a 
direct effect of RecA ATPase activity, a continuous supply of ATP produced by 
regeneration reverses it. While a low level of ATP regeneration may limit strand 
exchange by deactivating RecA filaments in the early stage of strand exchange through 
the irreversible dissociation, a high level also inhibits the overall reaction apparently by 
rebinding RecA to the product DNA, thus preventing the last step of strand exchange 
from occurring. The effect of the length of the incoming dsDNA is also non-monotonic. 
This may occur because homologous recognition is faster on longer DNA molecules than 
on short ones, but strand switching could be slower so that the overall rate of strand 
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exchange is optimal at an intermediate strand length. The results also suggest the dual 
roles of ATP hydrolysis, i.e., deactivating active intermediates vs. propelling the strand 
exchange moving forward.  
Introduction  
The participation of RecA-like proteins in the regulation of DNA in a wide range 
of organisms has become evident since the discovery of RecA in E. coli. 30 years ago.
[1-4]
 
Despite numerous efforts to elucidate the mechanism involved in DNA strand exchange, 
which is the main role of RecA-like proteins, a convincingly well-established scenario 
that can explain thoroughly the mysterious action of RecA-like proteins is still lacking. 
By covering single-stranded DNA with roughly three bases per RecA monomer, RecA 
facilitates strand exchanges between the DNA inside a right-handed RecA-coated 
nucleoprotein filament and an incoming double-stranded DNA molecule with incredible 
efficiency.
 [5]
 RecA can also form short filaments by itself in the absence of DNA 
molecules provided that cofactors, such as divalent cations, ATP/ADP or their analogous, 
are present.
[6]
   
The formation of complete filaments on long ssDNA by RecA requires 
participation of single stranded DNA binding (SSB) protein.
[7-8]
 SSB removes secondary 
structures within ssDNA which otherwise impede the extension of RecA coating along 
the DNA after RecA nucleation. Although the presence of SSB protein also competes 
with RecA for the nucleation sites, it is readily removed by RecA once the growth of 
RecA filaments from a RecA nucleus reaches any site where SSB protein is bound.
[9]
 
Moreover, SSB protein probably assists the strand exchange interaction by binding to the 
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outgoing strand and thus shifting the equilibrium in the direction of strand exchange.
[10]
 




In vitro experiments have already shown that the strand exchange interaction is a 
multi-step process, involving distinct intermediates, which may hard to detect due to their 
instability, and thus short lifetimes.
[12-14]
 These steps include formation of nucleoprotein 
filaments, homologous recognition, alignment and exchange of homologous strands, 
displacement of the outgoing strand, and disassembly of RecA-product DNA complexes, 
which, taken together, constitute a very complicated, and only partially understood 
process. In addition, some of these steps may occur simultaneously, which makes the 
effort to study them individually difficult. It is commonly believed that homologous 
recognition is the first step.
[15]
 This initial recognition must be fast, i.e., both homologous 
and heterologous dsDNA must bind quickly with the heterologous DNA unbinding 
quickly once the lack of homology is detected. Hence, the heterologous DNA dissociates 
at a rate comparable to its association, while the homologous DNA remains bound for a 
much longer time, allowing more complete recognition to occur. After the homology is 
recognized, the homologous regions of RecA-coated ssDNA and incoming dsDNA are 
aligned but not inter-wound, forming so-called paranemic joint, which requires RecA to 
maintain its initial structural conformation and would otherwise be unstable.
[12]
 The 
paranemic joint is transformed to a plectonemic joint in which the incoming DNA and the 
invading ssDNA become inter-wound and thus such joints are stable even after 
dissociation of RecA protein via either ATP hydrolysis or deproteinization. Plectonemic 
joints are the detectable intermediates seen in most studies. Plectonemic joints may form 
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at the very initial contact between filaments and targeted sequences during homologous 
recognition, but paranemic joints are more likely to be the initial intermediates because of 
the lower activation energy for their formation. Finally, the outgoing strand is released 
from the filament and RecA dissociates from the filament, possibly simultaneously with 
strand release to free the nascent heteroduplexes.
[16] 
The exchange of strands may occur 
either via base pair-switching or rotation of individual DNA strands, but the actual 
scenario still seems miraculous due to lack of direct evidence of the postulate 
intermediate structures (triple-stranded DNA).
[17-18]
 
As a seemingly reversible process, the strand exchange should only depend on 
random diffusion, but the reverse strand exchange is only seen on short oligonucleotides 
using E. coli. RecA, not on longer DNA sequences.
[19]
 Interestingly, there are RecA-like 
proteins that specifically catalyze the reverse strand exchange between a RecA-dsDNA 
filament and a ssDNA, but not the normal forward strand exchange.
[20]
 The biased 
direction of the strand exchange catalyzed by RecA proteins may result from several 
factors such as ATP hydrolysis, RecA dissociation, or even SSB protein binding to the 
outgoing strand. 
Kinetic studies show that there are at least three distinct intermediates present in 
the strand exchange interaction
 [21]
, making kinetic modeling of the entire scheme 
difficult. Actually, the process is so poorly understood at present that a simplified model 
with one intermediate as shown below is used in most kinetic studies.
[13, 22-23]
 In the 
model,  RecA-SS, LDS, and PNDS stand for RecA-circular ssDNA filament, linear 
dsDNA, and product dsDNA (nicked circular dsDNA), respectively. Pseudo rate 
PNDSteIntermediaLDSSScA →⇔+−Re
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constants and equilibrium constants are extracted using this model. These constants are a 
reflection of impact from multiple factors, like ATP hydrolysis and DNA length. While 
their values may be roughly constant in anyone study, they vary over a wider range when 
results from different studies are compared. Building models with multiple steps should 
definitely approach more closely the actual situation, but such complex models require 
elaborate theories with many parameters, so enormous data sets are required to validate 
them, even if the model has as few as four steps.
[24]
 We therefore approach the problem 
based on a complicated model, not to pursue a quantitative determination of kinetic 
parameters but to reach a more qualitative understanding of the kinetics. The results 
indicate that RecA dissociation as a direct cause of ATP hydrolysis could be the central 
factor that determines the efficiency of strand exchange interactions. The length of 
dsDNA to be exchanged also exhibits a significant effect on strand exchange as a mixed 
cause of different rates of ATP hydrolysis, homologous searching, and strand switching 
for different strand lengths. 
Materials and Methods 
Protein, DNA, and other reagents  
Escherichia coli RecA protein, nicked circular Фx174 RFII dsDNA (5386 base 
pairs), supercoiled Фx174 RFI dsDNA, circular Фx174 viron ssDNA (5386 bases), 
pNEB 206A dsDNA, DNA ladders, Proteinase K, 100 bp dsDNA ladder, 1k bp dsDNA 
ladder and six restriction enzymes (BssH II, Drd I, Sap I, Bts I, Ssp I, BsoB I) were 
purchased from New England Biolabs. Single stranded DNA binding protein (1–5mg/ml) 
was purchased from Promega. RecA protein (2mg/ml) was used as received without 
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further purification. ATP, ATPγS, SDS, phosphocreatine and creatine kinase were 
purchased from Sigma. In all preparations, molecular-biology-grade water (Eppendorf) 
was used and DNA was diluted with TE buffer (pH 8.0, Fisher). 
Preparation of linear dsDNA fragments  
Restriction fragments from 1047 bps to 5215 bps were prepared by double 
digestion of Фx174 RFI dsDNA with BssH II and the other 5 restriction enzymes under 
manufacturer’s recommended conditions, and the resulting fragments were separated by 
agarose gel electrophoresis at 5V/cm and collected using a Qiagen Gel extraction kit. The 
concentrations of these fragments were estimated by comparing their brightness with 
known amount of DNA ladder on a same gel using ImageJ.  
Strand exchange interactions 
 Фx174 viron ssDNA was pre-incubated with RecA protein for 10 minutes at 37 
o
C in the presence of phosphocreatine if ATP regeneration was used in the experiment. 
SSB protein and ATP or ATPγS were then added to initiate filament formation. After 
another 20 minutes, dsDNA fragments were introduced to initiate the strand exchange 
interaction. That moment is also set as the starting point of sampling. The final reaction 
volume is 60 µL, containing 1.4 nM viron DNA (molecular concentration), 0.56 nM 
dsDNA fragments, 2.65 µM RecA, 3 mM ATP (or ATPγS), and 400 nM SSB, 10 
Units/mL creatine kinase and indicated amount of phosphocreatine in 1x RecA buffer (10 
mM MgCl2, 70 mM Tris-HCl, 5 mM Dithiothreitol, pH 7.6). The addition of 
phosphocreatine and creatine kinase converts ADP back to ATP, which is called ATP 
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regeneration. A 5µL sample was taken out at indicated intervals, subsequently 
deproteinized in 1% SDS and 1 mg/ml proteinase K for 30 min at 37 
o
C and then frozen 
before running on agarose gels. Samples were loaded in 0.8%~ 1.2% agarose gel and run 
at 5~10V/cm for 2~4hr depending on individual samples. Data were extracted from gel 
images by Image J. 
Results and Discussion 
SSB greatly enhances the yield of product DNA  
As a comparison, strand exchanges with or without SSB were run in the presence 
with ATP (with or without ATP regeneration). Although the strand exchange can proceed 
to completion without the presence of SSB, the yield of the nicked dsDNA (final product) 
is low even with ATP regeneration (Figure 5.1, lower panel). Parallel experiments with 
SSB added show that the yield is greatly improved (Figure 5.1, top panel). While studies 
on strand exchanges between short oligonucleotides (<30 bases or bps) shows that SSB is 
not needed to improve efficiency
 [13]
, experiments from other groups using long DNA 
molecules produced results similar to ours.
[17]
 This can be explained by low level of 
filament formation and inability to repel outgoing strand when SSB is absent.
[7]
 
The effect of length of the incoming dsDNA 
We have also varied the length of the incoming dsDNA so that the kinetics may 
be related to their lengths. It turns out that, neither the shortest (1047bps) nor the longest 

















Figure 5.1. Efficiency of Strand exchange is improved in the presence of SSB. A 
fragment of dsDNA of 3790 bps was used in the experiment. SSB is used for the 
experiment shown in the top panel, but not in the lower panel. SS: original ssDNA; F: 
linear dsDNA fragment; M1: 1kb dsDNA Marker; M2: nicked circular phix174 RFI; 
CSS: original circular ssDNA; LSS: original linear ssDNA due to impurity; PLDS: 
product linear dsDNA; PSS: product linear ssDNA; LDS: original linear dsDNA 
fragment. 
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both with and without ATP regeneration (Figure 5.2). This unexpected dependency 
shows that there are some factors other than the length-related random diffusion DNA 
being affected by the decrease of the length of the incoming DNA which in turn change 
the kinetics of the strand exchange. The length of incoming DNA can at least connect 
with two parameters during the strand exchange, the rate of ATP hydrolysis and the 
efficiency of homologous searching. Binding of RecA to dsDNA (low ATPase activity) 
results in a decrease of rate of ATP hydrolysis compared to binding of RecA to ssDNA 
(high ATPase activity). 
[25]
 Therefore, ATP consumption slows down when incoming 
dsDNA is incorporated into RecA-ssDNA filament, and longer incoming dsDNA 
converts more RecA molecules bound with ssDNA to low ATPase status than shorter 
ones. Our parallel study on aggregation behavior of RecA-ssDNA filaments and dsDNA 
using ATPγS shows long DNA tends to form coaggregates faster than shorter ones. The 
number of individual objects seen on each image decreases both with the increase of 
incubation time and dsDNA length, suggesting the tendency of faster formation of larger 
aggregates with longer dsDNA. Since aggregation probably acts as a direct cause of 
efficient homologous recognition
 [26-27]
, long DNA molecules may advance short ones in 
term of homologous searching. But short DNA can apparently switch strand faster than 
longer one. The mixed effect from these aspects may explain the above result seen in this 
study. 
The effect of ATP regeneration 
As stated earlier, ATP is not required to generate strand exchange products, but 





















Figure 5.2. Dependency of product yield on the length of incoming dsDNA. An optimal 
length exists in the reaction without or with ATP regeneration. In both cases, dsDNA of 
3790 bps shows much high yields than dsDNA at all other lengths, and the dsDNA of 
1047 bps always have the lowest yield in a reaction period of 3hrs. Reactions were 
conducted (a) without ATP regeneration; (b) with ATP regeneration of 10mM 
phosphocreatine  
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Figure 5.3. Dependency of product yield on the concentration of phosphocreatine (ATP 
regeneration). An optimal concentration of phosphocreatine exists during strand 
exchange (a) on the 3790-bp dsDNA and (b) 5215-bp DNA. In both cases, the optimal 
concentration of phosphocreatine is around 10mM.  
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Figure 5.4. Dependency of product yield on the concentration of phosphocreatine (ATP 
regeneration). (a) An optimal concentration of phosphocreatine exists during strand 
4339-bp dsDNA; (b) Derivative of Figure 5.3 (a) shows a time shift for rate maximum 
from ~5min to ~10min as the concentration of phosphocreatine increases. 



























































when ATP is regenerated. Does this mean keeping ATP regenerated is beneficial? That is 
not always the case. An optimal concentration of phosphocreatine is found around 
10~30mM, depending on the length of the incoming dsDNA. The product yield is 
maximized at the optimal concentration, and further increase in the concentration of 
phosphocreatine actually causes a decrease in yield as seem in Figure 5.3 (a) and (b) for 
3790-bp and 5215-bp dsDNA, respectively. The similar trend is seen on a 4339-bp 
dsDNA as shown in Figure 5.4 (a). The trend is not apparent on short dsDNA fragments 
due to difficulty to separate different species with similar mobility. When the rate of yield 
is compared, there is an apparent shift of the appearance of rate maximum from around 5 
min to 12 min during the strand exchange on the 3790-bp dsDNA as the concentration of 
phosphocreatine increases, clearly indicating an inhibitory effect of high-level ATP 
regeneration to the strand exchange (Figure 5.4 (d)). Maintaining ATP level for a long 
time in the system may be desired to keep the filament in its active state by preventing 
RecA dissociation, but it also creates a kinetic barrier for the release of the outgoing 
strand since RecA dissociation is one of the driven forces of this final step other than 
binding of SSB to the outgoing strand. 
The kinetic model 
A complicated kinetic model is set up and shown in Figure 5.5. In this model, 
there are four intermediates which contain all three strands. Both Ia and Ib are instable and 
decompose to original DNA species and product DNA species upon deproteinization, 
respectively. All species present as filaments have two statuses, active or inactive status, 








Figure 5.5. A complicated scheme of RecA mediated strand exchange showing dual 
roles of ATP hydrolysis and RecA dissociation. PSS: product ssDNA. All species in the 
reaction are constantly in a cycle of deactivation and activation, i.e., transformation 
between active form (a) and inactive form (i), depending on the ATP level in the 
reaction. While ATP hydrolysis drives the reaction forward, it also dysfunctions active 
species if there is no continuous supply of ATP.  But keeping ATP level high also 
inhibits the last step in this chain reaction by binding of RecA to PNDS (reverse reaction 
of the last step).  
RecA-SS (a) LDS + Ia (a) Is(a) Ib(a) RecA-PNDS + PSS 





























hydrolysis and RecA dissociation proceed all the time, the net transition from active and 
inactive form does not occur until ATP level decreases to some critical level so that the 
reverse binding of RecA is prohibited. If ATP is continuously supplied, this dynamic 
reversible process drives the strand exchange all the way forward until in the last step in 
which the product DNA can only possibly released by continuous RecA dissociation 
provided that the second last step is promoted by the presence of SSB. As shown in the 
scheme, the rebinding of RecA in the last step is actually unwanted for driving reaction 
forward. Therefore, on one hand, the ATP level is expected to high enough to ensure all 
intermediates and the initial RecA-ssDNA filaments can stay in their active form longer 
enough so that the reaction initially proceeds without any inhibitory effect from the last 
step (There are no product DNA initially). On the other hand, this ATP level should drop 
and allow irreversible RecA dissociation before the accumulation of the RecA-product 
DNA significant inhibits the whole process. In other words, the ATP level should be 
optimized to meet the contradictory requirements between the first four steps and the last 
step over a reasonable timeframe. A too low level of ATP may allow the last step 
proceeding irreversibly early, but the net transformation from active to inactive form also 
occurs early, which inhibits the strand exchange from its early steps. Clearly, dual roles 
of ATP hydrolysis and RecA dissociation can be defined. In term of ATP hydrolysis, 
while it drives the whole strand exchange faster, it also leads to RecA dissociation and 
turns active species into inactive. This dual role of ATP hydrolysis is parallel in time, but 
that of RecA dissociation is sequential in time since the contradictory effects appear in 
different steps during the strand exchange. In addition, the production of RecA-PNDS is 
promoted by SSB since SSB could assist the release of PNDS by binding to PSS. As a 
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whole, SSB promotes the strand exchange in the second last step and RecA dissociation 
promotes the process in the last step but could inhibit all other steps 
The length of the incoming dsDNA has several impacts on the kinetics of the 
strand exchange. First, long DNA seems to exhibit a high efficiency of homologous 
recognition due to the fast formation of aggregates. Although it is not clear how the 
homology is fast recognized in vivo, the study on the coaggregation of RecA filament 
and DNA indicate that such aggregation may assist homology searching by concentrating 
all species in a confined volume.
[5] 
Secondly, the overall consumption rate of ATP 
decreases as the incoming dsDNA binding to RecA-ssDNA filament. The single 
molecular catalytic constant is ~30 min
-1
 when RecA binding to ssDNA, while it is only 
~20 min
-1
 when RecA binding to dsDNA or dsDNA being taken into RecA-ssDNA 
filaments.
[25]
 Thus, the total decrease in RecA ATPase activity is proportional to the 
amount of RecA being converted to the low activity status, which is determined by the 
length of the incoming dsDNA.  
Possible problems in the experiment 
Several artificial factors need to be addressed when the data from gel 
electrophoresis based on this model is interpreted. One is from deproteinization. Some 
intermediates during strand exchange are instable and may be converted to either original 
DNA species or product species after deproteinization. For example, the product dsDNA 
(PNDS) after deproteinization could at least compose of four different species which are 
present before deproteinization, the true product DNA, the product DNA wrapped by 
RecA (RecA-PNDS), Ib and IbI. Dependent on the actual kinetic, the additional amount of 
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product DNA or original DNA due to deproteinzation could account for a large 
percentage of the band brightness seen in the gels, which may conceal the actual scenario. 
The other is the inaccuracy in determining the amount of intermediates, mostly due to the 
existence of intermediates in various conformations, resulting in a smeared appearance on 
gels. Lastly, the determination of the concentration on the dsDNA fragments after being 
extracted from agarose gels is probably very crude. This may put the observation of 
optical length of the strand exchange in doubt.  
Conclusions 
The kinetics during RecA-mediated strand exchange has been studied using gel 
electrophoresis. By changing the concentration of phosphocreatine, an optimal 
concentration has been identified at which the strand exchange product reaches the 
maximum yield. A similar trend is also found when the length of the incoming dsDNA is 
varied, though the result may be in doubt due to the uncertainty in the determination of 
the concentration of initial dsDNA after it has been extracted from agarose gels. An 
analysis on a complicated kinetic model indicates dual roles of ATP hydrolysis and RecA 
dissociation during the strand exchange interaction, which is consistent with the 
observation of the optimums.   
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CONCLUSIONS AND FUTURE WORK 
Conclusions 
In the current work, we have used both fluorescence microscopy and atomic force 
microscopy to study the stretching of DNA molecules and the aggregation of RecA-DNA 
filaments. We also investigated the kinetics during RecA-mediated strand exchanges. 
First, we studied the stretching of λDNA molecules on PMMA, PS, and PDMS 
surfaces using droplet evaporation, suctioning, and blowing methods. We have imaged 
DNA molecules stretched under different conditions and found that both suctioning and 
blowing have a better stretching compared with droplet evaporation. We have measured 
both the average length of stretched DNA molecules and the deposition density on the 
surfaces and observed that the impact from pH and surfaces on the stretching of DNA 
molecules using blowing method is not a simple reflection of the strength of hydrophobic 
interaction between the opened bases on DNA chains and the hydrophobic surfaces. We 
have successfully applied a dual-color imaging system in the study of DNAse I and DNA 
interactions. 
Second, we have used atomic force microscopy to study the aggregation behavior 
of RecA-DNA filaments. We have seen regular left-handed “supercoiled” bundles of the 
filaments during the aggregation of RecA-dsDNA filaments. Both intra- and inter-
filament bundles were seen on linear or circular filaments. The pitch collected on these 
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“supercoiled” filaments shows an average value around 320nm regardless of the number 
of component filaments within the bundles. We have also found that single strand DNA 
binding protein is essential for the formation of ordered bundles on RecA-ssDNA 
filaments. We have identified the difference between the bundles of RecA-ssDNA and 
RecA-dsDNA filaments. While aggregation of RecA-ssDNA may appear in densely 
packed structures where filaments seem to “melt” into each other, it is not seen on that of 
RecA-dsDNA. In addition, “supercoiling” of RecA-dsDNA shows solely the left-
handedness while that of RecA-ssDNA exhibits predominant left-handedness with 
occasional right-handedness. The both handednesses are visible on a single bundle of 
Reca-ssDNA filaments. The previous explanation
 [1]
 on the “supercoiling” of RecA-
dsDNA filament is apparently in doubt since contradictory arguments 
[2]
 were made by 
the same group. Therefore, we have suggested, instead, that the aggregation may bring 
additional torsional stress within the bundles which in turn forces the formation of 
“supercoils”. The process may be dominated by RecA-RecA interactions with divalent 
cations assisting the interaction as a linking agent in the observation of increased number 
of large bundles of filaments at higher concentration of magnesium. 
Gel electrophoresis has been used in understanding of the complicated kinetics 
during RecA-mediated strand exchange interactions. By using different lengths of 
dsDNA molecules and changing the capacity of ATP regeneration via adjusting the 
concentration of phosphocreatine, we have found that there are optimums of both the 
length of the incoming dsDNA molecules and the concentration of phosphocreatine. We 
have built the connection between the observation and a sophisticated kinetic model. It is 
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likely that there are dual roles of ATP hydrolysis and RecA dissociation in different steps 
of the multi-step strand exchange, which are reflected on the optimums seen in our study.   
Proposed Future Work 
The following directions are suggested based on the results and understanding we 
already have. 
The aggregation of RecA-DNA filaments in currently study used ATPyS as the 
cofactor. Although the structures of filaments formed with ATPys and ATP are similar, it 
would be better to examine the aggregation behavior of filaments formed with ATP to 
confirm the existence of such ordered aggregates during the strand exchange interaction 
involving ATP hydrolysis. The challenge is to find a way to stabilized RecA-filaments or 
aggregates when ATP is used since ATP hydrolysis tends to decompose the structures.  
In addition, the actual kinetics during strand exchange interactions is closely 
related to ATP hydrolysis. Current study does not allow monitoring either the rate of 
ATP hydrolysis or the absolute amount of ATP/inorganic phosphate in the solution. A 
sensitive protocol might be built to collect the data on ATP hydrolysis together with 
monitoring the progress of the strand exchange. The protocol could be done by coupling 
the ATP hydrolysis with other enzymatic protocols. For example, the amount of 
inorganic phosphate may be detected in real time by using fluorescent assays, but most 
commercial kits are designed to detect tiny amounts of phosphate (PiPer phosphate assay, 
Invitrogen). If an appropriated assay can be identified, the result would provide important 
information for the better understanding the dual role of ATP hydrolysis. 
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Alternatively, both fluorescence microscopy and atomic force microscopy may be 
used to study other systems of protein-DNA interactions. As a whole, these possible 
directions may help us to achieve better handling of either the instruments or the 
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